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Eadotoxas, tL-e ll1iopolysaccharide (LPS) derived frout gram-negative bacteria. invokes a wide range of
responses In smeeptible hbads. It Is known that virtually all responses to LPS are mediate by the action of
.w-ophsge-derved cytokines (such as lntweekia-l (U-Il, tamer necos factor [TNT], and others) which
are produced principally by macropkinges and maximally within several hours of LPS administration. Oae
mnanifestation of LPS administration which bs not wed understood I the phenomenon of "eartyaddioxin
tolerance." to refpoase to a single sublethal Injection -4f LIPS, experimental animals rercoyto
challange with a homokVo= or heterologoi LPS preparatdon 3 to 4 days lIate. rendered tolerant
ezhbit mitigated toxicity and a reud capacity to produce circua~ting c i.e., coloo,--stimuatlng

factor or Interferon) an respone to the challenge LIPS Infectlon. l'revkfc ye also shown that th~e state
of bandeat, acquired hypoeponlvema to LPS I accompaniled by a acise in the sdne of cells in
the borne marrow whb areetihedisimumbers of macrophage tis study, we examined the

cepwty o EL11 o meminut TN or othto Induce early eadoloala tollerance andit
aeurimed hemlogolietc chne.Nihrcytokine slwwsable to mimic LIPS fcr induction of tlrne
Combined administrative of recomifant IL-I and reombimsit TNF doaes which were not toxic when
ads e ihdd e osnr~tctxct a aomdb et rw~h oe.Hwvr ihnontoale range, the two cytoklom syuerlzed to Induce a silmcest reduction in the capacity to produce
wloy-stlmltmgfato in re-os to LIPS, a wed as the characterlisti Increase In bown marrow cell size andmarpbage progenitors show. previously to he associated wit LPS-Induced tolerance. zLL4,r l\

Endotoxin. the lipopolystaccbuie (LPS) component of For instance, anti-IL-I serum h ben shown to block
gram-negative bacterial outer membranes, induces in vivo LPS-induced fever (8). Similarly, injection of' anti-'rNF
nmany ot the pathophysiologic changes associated with sys- antibodies afforded significant protection against lethal chal-
temic gram-negative bacterial !nfection (reviewed by S. N. lenge with LPS (4). Lastly, in mouse strains that bear the
Vogel and M. M. Hogan, in J. J. Oppenheim and E. Sher- defective allele for LPS responsiveness. Lps", protein-free
ach. ed., Immwtophysiology: Role of Cells and Cytoines in preparaions of LIPS fail to elicit the production of macro-
Immunity and inflammation, in press). Among these are phage-derived factoi-3, either in vivo or in vitro (reviewed by
fever. hypoglycemia. hypotenaion. shock, and even death. Vogel and Hogan [in press]).
Several lines of evidence support the hypothesis that the A single injection of LPS results in the appearance of a
macrophage is the principal cellular mediator of endotoxicity temporal hierarchy of factors within the serum (reviewed by
and, momr spcfialy, that LPS-ndced, arphg-e Vogel and Hogan (in press]). The first group of cytokines
rived soluble factors are the direct mediaors of cdtx (i.e.. IL-i, TNF. and interferon) appears maximally within 24
phenomna. First, LPS-stimulated macrIophagds produce in h of injection, and they have been referred to as "early
vitro many of the same soluble factors which circulate in th acute-phase reactants." By 4 to 8 h postinjection, circulating
serum following in vivo odminisraion of LPS. These In- levels of ths factors are greatly decreased. Production of
clude interieukin-I (IL-i). tumnor necrosis factor (TNF; also Srnlct-mcoh~ CSF activit) is somewhat delayed.
referred to as cachectin), interferon, colony-stimulating fac- with peak activity occurring at ' to 6 h following LPS and
.or (CSF). and prostaglandins of the E series. When purified delngtobWevsby2h.Ahidrupfslbe
and injected into experienltal animals in teabsence of factor, which appears maximally in the serum 18 to 24 h
LPS, many of these soluble factors have been shown to pot-minhsbe olcieyrfre oa lt
induce one or more of the effects of in vivo LPS treatment. psijcinhsbe olcieyrfre oa it
Agents which increase microphage activation greatly in- acute-phase reactants" and includes C-reactive protein.
crease endotoxin sensitivity in vivo, even in the genetically serum amyloid A, fibrinogen, and others. This last group of
LPS-hyporesponsive C3H/HeJ mouse strain (23, 27). In- factors is produced primariiy by hepotocytes and is induced
creased sensitivity to LPS correlates weUl with quantifibl by the action of early acute-phase reactants on these cells.
increases in levels of circulating LSinduced factors (5, 13, For many years. it has been recognied that initial suble-
24, 27, 32). In studies in which antisera against specific tha exposure to LPS renders experimental animals refrac-
;.ytkincs havc bcen -A mnstere~d P.or to* or sintdtanesl tory to a subsequent challenge with homologous or heterol-
with LPS, many of its biologic effects have been mitigated. ogous LPS several days later. This effect was referred to as

'early-phase endc(toxin tolerance" (reviewed in refcrence
__________9). Until1 recently, very little was known about the mecha-

Corresponding author. nisms which underlie this phenomenon. Early studies dem-
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oanmted that macrophages derived from mice which had were maintained at -20'C, either in lyophilized form or as
received a tolerac-inducing injection of LPS feled to intermediate stocks at high protein concentrations, before
respond to subsequent LPS challenge in vitro to produce dilution in pyrogen-free saline just before injection.
endogenous pyrogen or prostaglandins (7. 21). In this sense, lewmew of CSF achdfy in serum. Serum was tested
macrophages from mice rendered tolerant are phenotypi- for CSF activity in a bone marrow colony assay in semisolid
cally similar to macrophages rendered refractory to LPS by apr as described previously (11). Briefly, serum was oh-
pharmacological means (e.g.. by treatment with glucocorti- tained from pooled blood collected from mice injected (as
coids; 3, 28). Williams et al. (31) demonstrated that a splenic indicated) with saline. rIL-1, rTNF. or LPS. Serial dilutions
adherent cell population was necessary for abrogation of of serum were made in six-well tissue culture plates (Costar,
early-phase endotoxin tolerance in transfer experiments, Cambridge, Mass.). Bone marrow cells were obtained from
supporting the cellular nature of this phenomenon. In studies the femurs and tibias of C3HiHeJ mice and processed by
performed in this laboratory, it was demonstrated that density gradient centrifugation in lymphocyte separation
eady-phase endotox-in tolerance is associated with alter- medium (Litton Bioneti:s, Kensington. Md.). The cells were
ations in bone marrow-derived macrophage precursor pools then collected from the gradient interface and diluted to a
(10, 11). Specifically, cell-sizing profiles of bone marrow final concentration of 10 cells per ml in a mixture of tissue
cells from mice rendered tolera~p showed enrichment for a culture medium and molten agar. One milliliter of the cell
population of cells significanty larger than control bone suspension was added to each of the wells, which contained
marrow populations, and by density gradient sedimentation 0.2 ml of the serum dilution. The wells were mixed by
it was shown that the denser population of cells contained swirling and allowed to solidify. Cultures were incubated at
increased numbers of macrophage progenitors. The indue- 37*C (6% CO,) for 7 days, at which time bone marrow
tion, maintenance, and loss of these hematopoictic changes colonies (0-2 cells) were enumerated with an inverted
coincided temporally with the acquisition, maintenance, and microscope.
loss of the tolerant state. These changes were observed in a Determinatoml of the number of macrophage progenitor
variety of outbred and inbred mouse strains, including those ceib In bone marrow. The number of macrophage progenitor
with defects or deficiencies within certain lymphoid cell cells was determined as described elsewhere (11). Briefly,
subsets. For example, early-phase endotoxin tolerance, as mice from each experimental group were sacrificed, and the
well as the associated hematopoictic changes, were ob- bone marrow ceils were obtained from the femurs and tibias
served in athymic (nude), ,-cell-deflKient (xid), and spicnec- by flushing with serum-free medium. The bone marrow cells
tomized mice (12). As an additional control, LPS-hypore- were centrifuged and suspended in tissue culture medium.
sponsive C3HfHeJ mice did not exhibit any of the Cell counts and cell-sizing profiles were obtained with a
hematopoictic alterations observed in fully LPS-responsive model ZM Coulter Counter and a C1000 Channelyzer
mice rendered tolerant by injection of LPS (11). (Coulter Electronics, Inc., Hialeah, Fla.) calibrated as di-

In this study, we tested the possibility that cytokines rected by the manufacturer.
which arm normaly produced in response to a tolerance- To determine the number of nacrophage progenitors, a
inducing dose of LPS may mediate the induction of early double-layer, semisolid agar colony assay was used as
endotoxin tolerance or the accompanying hematopoietic described previously (11). An excess of partially pu,-ified
alterations or both. Our findings indicate that combined murine macrophage CSF (CSF-1) was incorporated into the
treatment of mice with recombinant IL-lu (rIL-1) and bottom layer of the assay system. Bone marrow cells (5 x
recombinant TNFa (rTNF) induces a significant, synergistic 10' or I x 10) were then suspended in a molten agar medium
level of toxicity, but at sublethal-dose ranges they inluce a mixture and overlaid onto the CSF-1-containing layer. Col-
significant degree of endotoxin tolerance, as well as changes onies (>-5 cells) were enumerated after 10 days in culture,
in bone marrow cell-sizing profiles and enrichment for and the number of progenitors per 10' input bone marrow
macrophage progenitors previously associated with the tol- cells was calculated.
crant state. Iteetlou schedue for inductlm of early eadotoxt toler.

amc. The protocol for induction of early endotoxin tolerance
MATERIALS AND NMTOs was identical to that used in previous studies (10-12, 31).

Briefly, mice were injected intraperitoneally with 25 p"g of E.
Mice. Female C57BL/6J mice 5 to 6 weeks old were coli K235 LPS in a volume of 0.5 ml on day 0. Three days

purchased from Jackson Laboratory (Bar Harbor, Maine) later, mice were challenged with 25 1g of LPS and bled 6 h
and used within 2 weeks of their receipt. Mice were allowed later for measurement of CSF in serum. Controls included
access to food and acid water ad libitum. mice injected on days 0 and 3 with pyrogen-free saline and

Reagents. Protein-free LPS was prepared from Esche- mice injected on day 0 with saline and on day 3 with LPS.
richia coi K235 by the phenoi-water extraction method of Mice which received rlL-1 or rTNF or both were also
Mclntire et al. (14). Human rIL-1a (lot SM59) was the injected on day 0 with the indicated concentrations of
generous gift of Hoffmann-LaRoche Inc. (Nutley, N.J.) and cytokines but challenged on day 3 with saline or LPS.
possessed a specific activity of 5 x 106 U/mg. The activity of
this material was verified frequently in a standard thymocyte RESULTS
comitogenic assay (25) throughout the course of this study.
The concentration of contaminating LPS in this rIL-1 prep- Toxkty. of rDL-i ad rTNF wbee aml intered iwhla~duaily
aration was 1.5 ng/1.3 x N0' U. Human rTNFa (lots NP102 or is combbmul . In our previous studies, an early-phase
and NP200B) was the generous gift of Cetus Corporation endotoxin tolerance system was estabiished in which injec-
(Emeryville, Calif.) and possessed a specific activity of tio of 25 to 50 " of LPS (approximately 0.05 to 0.1 50%
approximately 2 x 101 U/mg. The activity of the rTNF was lethal dose) was shown to render mice significantly less
also vet,fied in a standard actinomycin D-treated L929 responsive to an LPS challange 3 to 4 days later. Since LPS
fibroblast cytotoxicity assay (29). The concentration cf LPS has been shown to induce both IL-I and TNF conurrently.
in the rTNF preparations was <0.03 ngi0.3 mg. All reagents and since both cytokines have been shown to mimic LPS



2652 VOGEL ET AL. INFEcT. IMMtL4.

SALM4

oLIMMU)

o It. (, M i

40

20'

0 57.5 1 0

TNF(mg)

FIG. 1. Toxicity in response to inecion with rtL-i or rTNF or %oth. Mice were inected intraperitoneaily with 0.5 ml of the indicated
doses of rTNF (x axis) or rlL-1 (bar graph legends) or both. and the percentage of deaths (y axis) was scored, ver a 3-day period. Each point
represents the total pcrcentae of deaths observed for a given coambstioa. Each combination was tested in I to 10 independent expennents
in which six mice (average) per treaunent per experiment were inj cted.

when administered in vivo (reviewed in reference 6 and by rTNF. Thus, our data suest the pos.!bility that the two
Vogel and Hogan [in pressi), we sought to test the hypoth- cytokines, rIL-1 and rTNF. might synergi= to mediate
esis that rIL-1 or rTNF or both could mediate induction of toxicity similar to that observed following administration of
early endatoxin tolerance. Previous studies demonstrted high doses of LPS. These data also defined the experimental
that injection of high doses of either rIL-1 or rTNF resulted limits for subsequent experimets with respect to the range
in productivu of levels of CSF comparable to those induced of usable cytokine dosagc combinamns; i.e., a range of 500
by 25 " of LPS, i.e.. the dose used for induction of early to 2,000 U of rIL-1 per mouse could be used in combination
endotoxin tolerance (11). Therefore, the doses of rIL-1 and with 5 or 7.5 pg of rT'NF to achieve lethality consistently
rTNF chosen for Dreliminary studies bracketed those used below 10%.
previously. Figure 1 illustrates the toxicity of these two Another toxic manifestati , associated with injectiou of
cytokines over a very broad dose nge when administered LPS is induction of weiSt loss, which is maximal at 48 to 72
individually or in combination. The dose o(rTNF injected is h postinjection (27). In adiokhon to the letfality observed in
shown along the x axis, and the dose of r[L-1 injected is rspoase to combinations of rlL-1 and rTNF tFig. 1;, weight
indicated by the bar iaph legends. The perm tage of deaths loss was measured 3 days after injection of subleth. does of
is plotted an the y axis. Injection of high doses of rTNF (up rIL-1 and rTNF administered alone or in combination. At 3
to 2 x l0 U per mouse; 10 pV alon occasionally resulted days after ,ection. i.000 or 2,000 U of rIL-1 resulted i.
in deaths (maximal toxicity never exceeded 3%). Injectionof --4.1% weight loss, and injection of rTNF (5 or 7.5 )
rlL-1 alone (up to 15.000 U per mouae: -3 W was never resulted in :96.9% weight loss when compared with saline-
lethal for mice. However, when &7.5 " of rTNF was injected contivs (Fig. 2). However, in combination, tlL-1
injected in combination with increasing doses of rIL-1, plus rTNF synergized to induce weight losses in mice which
deaths (up to 100%) were observed in a doe-dependent anw from 17.2 to 27.3%, similar to or exceeding that
fashion. In 10 separate experiments, 25 pg of LPS led to induced by a toleroce-inducing dose (25 tag) of LPS (18.6 ±
deaths in only 3.1% ofthe mice, consistent with our previous 2.1%9.
estimates of the 50% lethal dose for this particular eadcAoxia ff Id at a ' " _-"_ of rE.-I or rTNF air N&t oe day 0
preparation (11, 26). On the basis of a recent report b- am ahfty is I to LPS am day 3. In early endotoxn
Rothstein and Schreiber (22) which showed that rTNF tolerance models established previously in severml laborato-
synergized with LPS to induce deaths, we calculated the res (11, 31), 25 og of LPS was found to induce a state of
concentrations of contaminating LIPS injcl along with tolerance to subsequent injection with LPS 3 days later, as
each cytokine. For the maximum dose of rTNF injected assessed by the decreased capscity to produce CSF 6 h after
(i.e., 10 lig), <0.001 ng of LPS was injected. For the endotoxin challenge. Since a single nonlethal injection of
maxmuin do-se of r1L-1 ijected (i.e.. 15.000 U). 0017 rig .f !Y has bee sbow to induce both IL-I and TNF shortly
ILPS was injected. Thus, even with the largest dow combi- after admistratimo, the capacity of these two cytokines to
nation(i.e., 10pg ofrTNFand1S.000Uo 'ri.-i)only0.01S induce a state o( early endotoxin tolerance was tested.
ng of LPS was injected. This amount of I.PS to >1,000-fold Figmure 3 illustrates the capacity of mice injected on day 0 to
less than that requireo by Rot:ist ;in and Scivvber to irduce respond to LPS on day 3 by producing CSF. As reported
a minimal level of synergy (resulting in de.h? with 10 is4 of previously, the ability of mice ureated on day 0 with LPS
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treated with either riL-1 or rTNF). These findings confirm
and extend the results of a previous study :.t which rIL-1 was

S.. shown to increse bone marrow cell-sizing profiles (19).I I •Lps
C.. XI10 However. this IL-1-induced increase in population cell size
0 .... fails to approach the magnitude of that observed in mice

i~T 11•,9,, which received LPS on day 0 (Fig. 4A). Figures 4C and DT &IIfT SA0 T ~ ." , ,,.'S' " show the effects of combined rlL-1 and rTNF treatment (on

Streatment with the tolerance-inducing dose of LPS (Fig. 4A).

combined treatment with the two cytokines led to a marked
shift in the cell-sizing profiles to a population enriched for
significantly larger cells. In mice treated with both cyto-

=i kines. there was enrichment for progenitor cells which
respond to CSF-1 to form colonies in soft agar (Table 1).
Thus. treatment of mice with both rIL-1 and rTNF resulted

-l -in the hematopoictic alterations previously reported to ac-
A aI C 0 E F a M I J company a state of early endotoxin tolerance induced by

TMn*hNT GAOtP LPS (11).

FIG. 2. Weight loss in response to injection with nonlethal doses
of rlL-1 or rTNF or both. Mice were injected with saline., LPS (25 DISCUSSION
p". or thc indicated dowes of rL-i or rTNF or both. Mice were
weighed 3 days after inection, and the percent wciht loss was For many years, it has been rec)gnized that tht. physio-
calculated on the basis of the mean weight of saline-injected mice logical changes that occur in ex. .. mental animals in re-
(17-2 ± 3 g). The data represent the arithmetic means ± the standard sponse to gram-negative LPS are meuated principally by
errors of the means of four separate experiments in which four to soluble factors produced by rnacrophages (reviewed by
nine mice were injected per treatment group per experiment. Vogel and Hogan (in pressi). Perhaps the most convincing

evidence for the participation of a part;cular cytokine in an
(treatment group B) to respond to LPS again on day 3 was LPS-induced response is demonstration of inhibition of a
<20% of the response of control mice (i.e., those which particular response by administration of anti-cytokine anti-
received saline on day 0: treatment group A). When mice bodies. To this end. the participation of IL-1 and TNF in
were injected on day 0 with either rlL-l or rTNF (treatment
groups C to G), the ability to respond to LPS 3 days later was
comparable to that of saline-pretreated mice. However, A I"
when mice were injected on day 0 with rIL-1 and rTNF in C I.c I ,S u
combination (treatment groups H to M). dose-dependent o ,., ,ONU
inhibition of LPS responsiveness on day 3 was observed. In . Tr s g
addition, exonri-ents in which doses as high as either 15.000 " . ,
U of rlL-i or 10 pLg of rTNF were administered on day 0 led , * ,i U s g

to no significant alteration in the ability to respond to LPS on J . ,Iw um ,sg.
day 3 (data not shown). These data indicate that in combined K. IL urI .!.g

treatment of mice with rlL-1 and rTNF the two compounds L L I, 2Wu kW 7.

synergize to mimic the tolerance-inducing effects of a sub- .

lethal dose of LPS.
Effect o( adminiltratlo of rIL- I or rTNF or both on day 0

on bone marrow cel-szing proffie a the nusher of ma-- 5 ,
rophage progeitrs on day 3. In previous studies, Madonna o'
and co-workers (101-12) demonstrated that administr-tion of
a tolerance-inducing dose of LPS on day 0 led to a Iharac- 2

teristic alteration in the cell-sizing profiles of bone marrow
cells on day 3: i.e.. there was enrichm!nt fora population of
larger mononuclear cells. Density gradient sedimentation
studies showed that this larger population of cells contained __.. .....
increased numbers of progenitors which could respond to A 0 C 0 4 0 .H 1 4 K u

CSF-1 to form colonies in soft agar (11). Figure 4 shows a
histogram analysis of the day 3 cell-sizing profiles of bone TMATW.T GROUP
marrow cells derived from mice injected on day 0 with FIG. 3. Effect of injection c, rlL-1 or rTNF or both on subse-
saline, LPS. rlL-i. rTNF. or rlL-1 plus rTNF. Figure 4A quent LPS responsiveness. Nc- (four to seven mnice per treatnvnt
confirms the results of previous studies. When compared group per experiment) were iriected on day 0 with saline. LPIS (23
with saline injection of controls, injection of a tolerance- 4 ). or the indiated doses ofrIL-1 or rTNF or both. On day 3. mie
inducing dose of LPS on day 0 resulted in a marked shift in were chaiknged with 25 $& of LPN and bled 6 h later. The poo'ed
the lell-sizing profiles to a population of larger cells. In*e-. sent were sut sequently tested for CSF activity (as described above).
the cel-ithng rle o aF pouatin af sligt~r icesec- ~ The data art expressed as percentages of the control (saline on day
tion of e bther iIL-1 or rTN csull d in ste the in .L-S on a.iy 3i. The mean CSF activity o senam pouis losi ,uii.e
the iize of bone marrow cells (Fig. 4B: note the slight which receiv.d saline on day 0 and LPS on day 3 was 6.237 = 1.301
decrease in the proportion of cells in the 6.3- to 8.6-wa-n- CFU/mi (five separate experiments). The results represent the
diameter range and the compensatory iticreases within in the arithmetic means = the standard errors of the means for three 'o five
8.7- to 11.4- and 11.5 to 14-p-m-diameter ranges in mice separate experiments per treatment group.
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FIG. 4. Effect of rlL-1 or rTNF or both on cell-sizing profies of bone marrow cells. Mice (two to three mice per treatment grop per
experiment) were injected on day 0 with sain, LIPS (25 oW@. or the indiated doses of rlL-l or rTNF or both. On day 3. the bone marrow
cells were obtained from the femurs and subjecte to ceil-sizimg analysis with a Coulter Chanoclyzer as descrbed in 0w" text. Approximately
10.000 cells per tretmnt were analyzed for cell siz in eah experment. The results represent the arithmetic means ± the stanar errors
ot the means from three to seven separate experiments per tramnt group. Pan~els: A. eell-sizitnI pr'oles from mice injected with Willne
versus LPS; 0. Waine versus various doses of either rlL-1 or rTNF; C. saline versus vanicus doses of rIL-1 in combination with 5 I g of rTN F;
D, saline versus various doses of rIL-1 in combinton with 7.5 £ of rTNF.

LPS-mediated responses (e.. fever and lethality) has been earlier concerns which plagued studies in which natural
firmly established (4, 8). However, the availbiity of rl:- cytokines were tested (i.e., the quantity of cytokine required
agents such as anti-murine IL-1 and anti-munne TNF anti- for in vivo studies. as well as the pcrsi:tcnt possibility that
bodies has been markedly limited. particularly for use in in contaminating cytokines in the purified natural preparations
vivo studies. It is also important to recogniz that this actually induced the observed effect or in some way modified
experimentai approach. although definitive for the particips- the response to the cytoin under question). Most recent
tion of a particular factor, cannot pre ",:ide the possibih, studies using cloned reagents have focused on the adminis-
ihat the factor under study acts in combination with other tra;Pir of a single cytckine to induce a particular effect in
coordinately induced mediators. vivo. In this regard, a plethora of information has come forth

Another major approach which has been taken to assess which indicates that. in vivo. both rlL-I and rTNF itiduce
the contribution of specific soluble factors in the mediation many of the same LF)S-tike manifestations (reviewed in
of LPS-induced effrects is to test specific cytokines for their reference 6 and by Vogel and Hogan tin .orssi), even though
capacity to mimic LPS-i: duced responses. The recent avail- these two factors bear no structural homology and bind to
ability of purified recombinant cytokines, such as rlL-1 and distinct receptors (2). For Instance. both IL-! and TNF have
rTNF, ha5 allowed for such an assessment without the been shown to induce fever independently, via production of

I I I I . I - . .
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TABLE 1. Effect of rIL-1 or rTNF or boti on the numbers of ducing combinations of rIL-I and rTNF also led to the
CSF-iresponmive pvnitors in bonw i nO'mV hematopoictic alterations shown previously to be ass ciated

Mem (z SEM no.ofCSP- with LPS-induced early endotoxin tolerance (11), i.e., an
Trazacot (amt) P1p 1tonO' bonemrmw increase in the size of bone marrow cells (Fig. 4) with

Cells (P vabmIS concurrent enrichment for macrophage precursors (Table 1).
Saline ............................................... 47 = 1.5 With resoect to the latter. it is interesting that injection of 7.5
riL-I (1,0O U) ................................. 37 = 10.8 (0.334) wg of rTNF alone, but not 5 pg of rTNF, led to a statistically
rTNF (5 p4) ...................................... 52 Z 7.8 (0.754) signific.nt increase in the number of macrophage progenitors
rrNF C.5 I4g ................................... 67 ± 3.5 0.010) in the bone marrow. This may reflect the fact that high doses
rLL-1 (1,000 U)-rTNF (5 1g) ............. 89 t 5 (0.002) of TNr' administered in vivo have b-,en shown to indu,;e IL-1r"[ L-1 (1.000 U)-rTNF (7.5 "4) .............. 121 :t 1.9 (0)

(1(1 ±prot.Ction (8). Thus, rTNF-induced IL-I may act synergis-
Boat marrow cells werc denvcd on day3 from mou (two to tl-Ae v mepW ticaiy with administered rTNF to increase the number of

ucmms goup per expenmeat) whch bd reccled Alm or the aMd"cd CSF-I-responsive progenitors.
dose of rtL-1 or rTNF or both on day 0. The ;csus am exUpecl as the Taken collectively, these findings suggest that, in vivo,
: atsr a CSF-1-responsive pr urt pe I boat n eds. T LPS-induced early endotoxin tolerance is mediated by theresets npresen ttig aae e xperu'ncn.

7" "=An unpard. two-iled Studentz tes w- s synergistic action of LPS-induced IL-1 and TNF. For mo-t
of the studies perfrrmed, combined administration of 1L-.
and TNF hx3 been shown to result in an additive effect;

prostaglandins (8). In this regard, they are both classical howeyer. a precedent for synergy between these two factors"endogenous pyrogens." In addition, at high doses, rTNF exists. For example. Be -,al. (1) showed that inLadermal
was shown to induce IL-. in vivo (8). This particular injection of natural I 1I, .,cC LPS, led to attraf.tion of
example provides a good illustration of both cytokine redun- "Cr-xabeled neutrophils to the site of injection. Movat et al.
dancy (in the sense that two distinct cytokines can induce (17) confirmed these findings by using rIL-i and extended
the same biologial effect) and the potential for an inductive them by demonstrating that the combined action of r[L-1 and
cascade which, in turn. could prolong a given manifestation rTNF was synergistic in prducing infiltration. Similar find-
in vivo. Injection of either rIL-1 or rTNF has been demon- -tgs were recently reported by Wankowicz et al. (10). Movat
strated in vivo to induce manY, of the same physiologic et al. (16) also demonstrated that intradermal injection of
alterations seen in response to LPS in addition to fever, such rlL-1 and rTNF led to synergistic induction of a local
as hypogiycemi,, shock and death, increased resistance to Schwartzman reaction in rabbits challenged intravenously
infection, radioprotection, resistance to reoplasia, induction with endotoxin "8 h later. Neta et al. (18) have shown that at
of CSF and late acute-phase reactants, and others (reviewed doses of radiation which closely approach 100% lethality.
by Vogel and Hogan [in press]). the radioprotective effects of rIL-1 and rTNF are additive;

In this study, we sought to determine whether induction of however, at higher levels of irradiation, the radioprotection
early endotoxin tolerance by LPS is mediated by soluble afforded by combined rIL-1 and rrNF injection was much
factors produced in response to the tolerance-inducing injec- greater than would be predicted by summing the protection
tion (i.e.. the sublethal injection of LPS given on day 0 to afforded by injection of the cytokines individually. For
induce a state of resistance to a subsequent challenge 3 to 4 induction of certain acute-phase reactants, such as serum
days later). In these studies, it was shown that neither rlL-1 amyloid P. simultaneous administration of rlL-1 and rTNF
nor rTNF injected individually (at doses which induced resulted in an additive response; however, combined admin-
levels of circulating CSF in vivo comparable to that induced istration of thes: two cytokines led to synergistic induction
by a tolerance-inducing injection of LPS) induced a state of of fibrinogen (15). Recently, it was pointed out that IL-i and
early endotoxin tolerance. This was asse, ed by production TNF are strongly synergistic for generation of hypotension
of normal levels of CSF in response to LPS administered 3 and the capillary leak syndrome (6, 20). In studies performed
days later. Since IL-1 and TNF are coordinately produced in with C3H/HeJ mice, synergistic protection from infection by
response to LPS, we hypothesized that induction of toler- E. co/i was afforded by treatment of mice with a combined
ance depends upon the simultaneous presence of both solu- rlL-1 and rTNF regimen (G. Sayduff. personal communica-
ble factors. When administered individually. rIL-1 and rTNF tion).
rarely induced overt signs of toxicity; however, simulta- The mechanisms by which LPS induces a transient rever-
neous administration of high doses of the two cytokincs sal of sensitivity to homologous or heterologous challenge
resulted in frank toxicity and often death. It is highly with LPS. i.e.. early endotoxin tolerance, are not very well
unlikely that this is due to synergy between rTNF and understood. Early studies in which peritoneal macrophages
contaminatir.j LPS. since the siaximum ar ount of contain- or Kupfrer cells of animals rendered tolerant to endotoxin
inating LPS injected was >1,000-foid less than that shown were found to be refractory to stimulation with LPS in vitro
previously to induce minimal synergy with rTNF, resulting (7, 21) strongly suggested that tolerance was a function of a
in death (22). Synergy between rTNF and rlL.1 was evident, failure to produce those soluble macrophage factors, such as
e.en within a combined-dose range which rarely led to endogenous pyrogen or prostaglandins, shown previously to
deaths, as measured by induction of weight loss greater than be associated with endotoxic-mediated toxicity. Subsequent
or equivalent to that induced by 25 gg of LPS. Within this studies by Williams et al. (31) strengthened the role of
same sublethal-dose range, the two cytokines induced re- macrophages in the induction of tolerance by showing that
fractoriness to LPS chllenge in a dose-dependent fashion injection of either a splenic adherent cell population or
(Fii. 3). The amwnt of contamnatin" LPS in.c.c -e with a pe"toneml exudate rIenaphags alw.., with splenic nonad-
more typical tolerance-inducing dose combination (e.g., 7.5 herent cells was essential for ovemding the inability to
V4 of rTNF and 2.000 U rIL-1) was <0.003 ng. Thus, it is produce CSF in recipients rendered tolerant to endotoxin.
more likely that the synergistic toxicity observed by Roth- Lastly, in work by Madonna and co-workers (10-12), the
stein and Schreiber i 2 ) is due to LPS induction of IL-i, tolerance-inducing dose of LPS was followed by normal
which in turn sy,.ervzes with rTNF. These tolerance-in- induction of macrophage-derived products, such as CSF and
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